Abstract--The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory sums the attractive van der Waals and repulsive electrostatic forces as a function of separation distance to predict the interaction between charged particles immersed in a liquid. In aqueous media, however, non-electrostatic polar (electron acceptor/electron donor or Lewis acid/base) forces between particles with high energy surfaces often are comparable to, or greater than, the components of DLVO theory. By means of contact angle measurements on smooth self-supporting clay films, the values of the polar surface forces (AB) and the van der Waals forces (LW) of hectorite were measured. Determinations of ~" were used to derive the electrostatic forces (EL). Calculations based on the values obtained for the EL, LW, and AB forces show that for smooth spheres with a radius of 1 t~m in a ->0.1 M NaC1 solution a net attraction exists leading to flocculation. At NaCI concentrations of -<0.01 M, a repulsion energy of about +500 to + 1300 kT exists at separation distances -< 50 A,, preventing contact between particles, thus ensuring stability of the colloidal suspension. At these concentrations, theory predicts that small clay particles or edges of clay crystals having an effective radius of curvature < 10 A should be energetic enough to overcome the repulsion barrier which prevents flocculation. Experimentally, for NaC1 solution concentrations of -> 0.1 M, suspensions of hectorite particles flocculated, whereas at concentrations of -> 0.01 M, the suspensions remained stable. These experimental results agree with the predictions made by summing all three forces, but contradict the calculations based on classical DLVO theory.
INTRODUCTION
The forces between colloidal particles of clay minerals in aqueous suspensions are of great importance to many geological and industrial processes. For example, the rheologic properties of phyllosilicate minerals, neglecting impurities, are controlled by the relative magnitudes of their surface energy components. Until recently, these forces have been described in the context of the classical DLVO theory, named after its originators Derjaguin and Landau (194 I) and Verwey and Overbeek (1948) . This model, however, takes into consideration only the electrostatic (EL) and the Lifshitz-van der Waals electrodynamic (LW) forces; it does not take into account the polar forces that are often the dominant forces between particles in polar media (van Oss et al., 1987a (van Oss et al., , 1987b (van Oss et al., , 1988a .
For some time, the presence of physical forces in colloidal systems other than the EL and LW was surmised, particularly for the interaction energies of particles separated by short distances (-<50 ~). For example, Israelachvili and McGuiggan (1988) , in their review of forces between surfaces in liquids, discussed several systems in which the presence of unaccountable attractive and repulsive forces were observed. They suggested that these deviations from classical DLVO theory were due to the existence of additional forces rather than to a complete breakdown in the DLVO theory. For clay particle interactions in particular, the Copyright 9 1990, The Clay Minerals Society additional repulsive forces could, in part, be attributed to hydration forces, but the origin of these forces was not clear. Low (1987) also concluded that at small intel-particle distances an additional interaction force, which he ascribed to the hydration of the (001) surfaces, must be taken into account.
The additional forces, as mentioned above, are often referred to as "hydrophobic interactions" if particleparticle attraction exists, and as "hydration pressure" if particle-particle repulsion exists. The origin of these forces lies in electron acceptor-electron donor interactions (in the Lewis acid-base sense). The term polar (AB) forces is used to refer to all such interactions (van Oss et al., 1987a (van Oss et al., , 1987b (van Oss et al., , 1988a (van Oss et al., , 1988c . The AB forces (which include hydrogen bonding), if strongly asymmetrical or monopolar, are responsible for the orientation of water molecules adsorbed on the surfaces of a clay mineral, and, as expected, water molecules oriented on the surface of one panicle will repel water molecules oriented in the same manner on the surface of an adjacent particle (Parsegian et aL, 1985) . If the orientation of the water molecules by the surface of the clay mineral is sufficiently strong, the two particles will not be able to approach each other, or, if particles are close together, they will be forced apart as additional oriented water molecules are adsorbed on the two surfaces. On the other hand, if the clay mineral's surface is more weakly monopolar, its capacity for orienting the most closely adsorbed water molecules is less pro-
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nounced, and the clay particles will approach each other under the influence of their net van der Waals (LW) attraction. Thus, the "solvation" (or "hydration") effects are, in the final analysis, caused by the orientation of adsorbed water molecules due to the monopolar AB forces, and these "hydration" effects are, in their turn, responsible for the medium-range to long-range influence of the underlying AB forces. Thus, the AB forces are capable of explaining the phenomena generally described as "solvation" effects. These solvation effects also explain why AB interactions are not as short-range as might be supposed.
In 1984, Chaudhury made a clear distinction between the AB forces occurring in colloidal systems and all three types of LW forces (Chaudhury, 1984; van Oss et al., 1987a van Oss et al., , 1987b van Oss et al., , 1988a van Oss et al., , 1988b ; see also Fowkes, 1963) . The omission of the AB forces, which may be one or two orders of magnitude greater than the EL and LW forces (van Oss et al., 1988a) , is the origin of most of the anomalies that were observed if the DLVO theory was used to interpret interfacial interactions in polar media (Girifalco and Good, 1957; Good and Girifalco, 1960; Fowkes, 1963) .
The addition of AB forces to the EL and LW forces yields a new and potentially powerful theory capable of predicting many aspects of clay behavior and, particularly, the behavior of colloidal clay mineral suspensions. The purpose of the present study is to describe and explain the stability ofhectorite suspensions and to illustrate the methodology behind the measurement of the individual components of the forces. As a test of the predictions of the classical and extended DLVO theories, hectorite suspensions in aqueous solutions of different NaCl molarities were prepared.
THEORY OF SURFACE ENERGY COMPONENTS
DLVO theory arrives at a free energy (Gibbs energy) of interaction between particles by summing the repulsive EL interactions and the attractive LW interactions as a function of particle separation (/) to arrive at a total free energy of interaction for a given separation. The problem is that the calculated curves of energy vs. particle separation often do not match experimental results, thus putting predictive values into a rather precarious position. Classically, energy vs. distance diagrams only consider the sum of EL and apolar LW forces; but in polar and especially in aqueous media AB energies, whether repulsive or attractive, commonly are as much as 100 times greater than LW energies, and l0 or more times greater than EL energies at close range (10-50 ]k). Thus, in aqueous solutions, the inclusion of AB forces is not a novel and supplementary refinement of the DLVO theory, but a drastic correction, which for the first time allows aqueous interactions to be calculated on a reasonably accurate scale.
Electrostatic forces (EL)
Repulsive electrostatic interactions between particles arise from unsatisfied electronic charges on the surfaces of the particles. In clay minerals, these charges are generally (but not always) negative and arise from structural cation substitutions. Because the layer charge of clay minerals is determined by the amount and kind of cationic substitution, the surface charge density is independent of salt concentration in the suspension solution. As explained below, however, the salt concentration is very important in the ftocculation-deflocculation behavior of clay minerals.
In terms of the chemical formula, clay crystals are electrostatically neutral, but this is not true if the clay is added to water to form a suspension. As the clay particles become dispersed in water, some oftbe chargebalancing cations are desorbed and go into solution; very quickly, an equilibrium between the desorbing and adsorbing cations is reached. This fluctuating cation loss and gain means that as long as the clay is kept submersed it has a small, net negative charge. This negative charge, plus the (apparently unsatisfied) charge due to the unequal distribution of surface charge and charge-balancing cations, constitutes the electric potential oftbe clay particles, as manifested by their electrokinetic surface potential. It is this surface potential that is responsible for the clay's ability to remain in suspension, seemingly forever, in a polar solvent such as water. Although, as stated above, the charge density is an inherent property of a clay crystal and cannot be changed by the presence of cations in solution, the presence of cations can decrease the effect of the charge potential.
Double layer theory has been extensively used to evaluate the interaction of charged clay particles in salt solutions of various strengths. An extensive discussion of the role of double layer theory in clay colloid chemistry was given by van Olphen (1977) ; see also Overbeek (1952a) .
Briefly, the Stern model of the double layer theory says that on the surface of a charged particle within a colloidal suspension are strongly bound counter-ions and water molecules. This static layer is referred to as either the Stern layer or the inner-Helmholtz plane. The next layer out from the particle surface and its associated Stern layer is the more diffuse outer-Helmholtz plane containing hydrated counter-ions along with water molecules that can orient more freely. Although the potential at the particle surface is known to decrease with distance from the particle, it cannot be measured because of the interference of the counter-ions and the water molecules in the inner-and outer-Helmholtz planes. What can be determined is the electrokinetic, or zeta potential (~'). This is the potential at the plane that separates the particle and its bound water molecules from the freely moving water molecules of the solution. This plane is referred to as the slipping plane. Using electrophoresis to measure the velocity U of a particle through a liquid medium in an applied electric field and the Helmholtz-Smoluchowski equation, g" can be obtained (assuming that the particle size is much larger than the thickness of the double layer and that ~" is fairly small, see, e.g., Overbeek and Wiersema, 1967; van Oss, 1975) , as follows:
where ~ = the dielectric constant of the medium, ~" = the electric potential at the slipping plane, E = the applied field strength, and ~ = viscosity of the medium.
This equation assumes that ~a > 100 and ~--< 50 mV. For particles with a = 10,000 ~, Ka ~ 180. For the very smallest particles, as an example, a = 1000/k and the ionic strength, F/2 = 0.01, 1/r = 56 .~, giving ra = 18. Thus, the value of ~" calculated with the von Smoluchowski equation is really more dependable than the Hiickel equation. The very smallest particles might have a ~" that is 20% higher than the one assumed here, but, in any event, the ~-used was the median of the Gaussian distribution of all the ~" values measured.
From ~', the potential at the particle surface (~o) can be determined. For relatively small ~" values the two are related by:
where z is the distance between the surface of the charged particle and the slipping plane (usually z is taken to be about 5 ~), t~ is the Stokes radius of the particles, and r is the inverse Debye length (the Debye length is the thickness of the double layer) and is given by:
where e is the charge of the electron (4.8 • l0 -~~ e.s.u. or 1.6 • 10 -~9 C), vi = the valency of each ionic species, r/i = the number of ions of each species per cubic centimeter of bulk liquid, k = Boltzmann's constant (1.38
• 10 -23 J/K), and T = the absolute temperature in degrees K. Values of the Debye length 1/r for several aqueous 1-1, 1-2, and 2-2 electrolyte solutions can be found in van Oss (1975) . The electrostatic, or double-layer potential is always repulsive and is roughly exponential in distance dependence. As long as the value for ~" is between about i0 and 60 mV, the electrostatic interaction energy, or the free energy (AGEL), between two spheres of radius R as a function of distance l can be calculated using:
where AGt m-= electrostatic free energy component, at distance l from surface, ~ = dielectric constant of the medium; for water ~ ~ 80, R = radius of curvature of the particle, and if0 = potential at the particle surface, in electrostatic volts.
Lifshitz-van der Waals apolar forces (L W)
Lifshitz-van der Waals apolar electrodynamic forces (LW) consist of: (1) randomly oriented permanent dipole-permanent dipole (orientation) interactions (described by Keesom and reported by van Oss et al., 1988a) , (2) randomly oriented permanent dipole-induced dipole (induction) interactions (described by Debye and reported by Chaudhury, 1984; van Oss et al., 1988a) , and (3) fluctuating dipole-induced dipole (dispersion forces) (described by London and reported by Overbeek, 1952b; Mahanty and Ninham, 1976) . Each of these interactions decays rapidly with distance as /-6.
Given that lo is the equilibrium distance and R (the radius of a sphere) >> /, the apolar component of the free energy of interaction for two spheres is:
where AG Lw = apolar free energy component (LW), A = Hamaker constant, and 1 = distance from surface. Considering only LW forces, the Hamaker constant can be easily calculated using:
provided the apolar surface tension component, .yEW, of the condensed material is known. Although A applies to all three electrodynamic interactions (dispersion, orientation, and induction; see Chaudhury, 1984) , A~is~,sJo, is usually the main significant term in condensed media (van Oss et al., 1988a) .
LW forces normally are attractive, but may be repulsive in interactions between two different materials suspended in a liquid, depending on the properties of the materials and the liquid in which they are immersed; for the conditions described in the present paper, the LW forces are attractive. In general, the free energy change of a solid (S) or liquid (L) can be expressed as a function of its surface tension or surface energy, (3'):
and more specifically for the LW interactions:
For Lifshitz-van der Waals interactions between any materials 1 and 2, the Good-Girifalco-Fowkes combining rule (Good and Girifalco, 1960; Fowkes, 1963) is applicable:
which may also be written as:
The free energy of interaction between materials 1 and 2 can be written according to the Dupr6 equation (Dupr6, 1869):
To derive values for the non-polar surface energy 3`~w, but only for those instances in which, besides EL forces, no other energy components are present, the Young-Good-Girifalco Fowkes equation (van Oss et aL, 1988a) can be used:
where 0 is the contact angle measured for a drop of an apolar liquid placed on the surface of the solid.
Polar (AB) surface tension parameters of a solid
The polar (AB) surface-energy parameters include all Lewis electron-acceptor-electron-donor, or Lewis acid-base (AB) interactions. Because Lewis acid-base interactions include hydrogen-donor and hydrogen-acceptor interactions, the hydrogen-bonding interactions are always included in AB interactions. The total surface energy can be broken down into two main (additive) components (Fowkes, 1963; Chaudhury, 1984; van Oss et al., 1987a van Oss et al., , 1987b van Oss et al., , 1988a van Oss et al., , 1988b 3` = 3`LW + 3`AB.
Because the asymmetry of AB forces must always be taken into account, the (non-additive) electron-acceptor (-~+) and electron-donor (3`-) parameters of the polar component (3`AB) of the surface energy of compound i are expressed as:
(van Oss et al., 1987 Oss et al., , 1988 , and the polar components of the free energy of interaction between materials 1 and 2 are expressed as:
From the Dupr6 equation (Eq. (11)), which is also valid for AB interactions, and from Eqs. 
the relation
is obtained, which upon combination with Eq. (10), (11), and (14), becomes
(1 + cos 0)3`L = 2(~Ls Lw 3`L Lw + x&~ 3`c + ~).
Thus, to obtain all these parameters (Ts Lw, 3`~, and %-) of the solid, contact angles must be determined with at least three liquids, of which two must be polar (van Oss et al., 1987a (van Oss et al., , 1988a .
The equation describing the decay with distance of the AB free energy (AGp B) for two spheres is:
where R = radius of curvature of the particle, ?~ = the decay length of the liquid molecules here taken as ~ 10/~ for water, AG~ B is the free energy of interaction in the parallel flat plate conformation, at the minimum equilibrium distance lo, as measured by contact angle determinations, where AG~0 B = -27 AB. Theoretically, if liquid water were not hydrogen bonded, the value for k would be close to 2 A (Chart et al., 1979) , but about 10% of the water molecules engage in hydrogen bonding so that k ~ 10 A seems a more reasonable estimate. Recent experiments have reported values of k as high as 130 fk (Christenson, 1988; Rabinovich and Derjaguin, 1988) , but various artifacts, due to minute surface irregularities on the coated surface of the force balances used, were probably responsible for these large values. Using AG = AG EL + AG Lw + AG AB,
a total free energy vs. distance curve can be constructed taking into account the polar AB, the apolar LW, and the electrostatic EL forces and, by varying r (see Eqs.
(2)-(4)), separate curves can be constructed for specific salt concentrations.
MATERIALS AND METHODS

Materials
The hectorite clay used in this study was from Hector, California (sample SHCa-I, from the Clay Mineral Repository of the Clay Minerals Society) and has the composition (Nao.2s Ko.ol Cao.ol)(Mg2.6~ Lio.33Alo.oz)Si40 w (OH)l.35Fo.65 (Ames et al., 1958) . Hectorite was chosen for several reasons. It is art important mineral both industrially and scientifically. Because the clay is thixotropic, smooth self-supporting films can be easily fabricated. Hectorite, however, commonly has fine-grained calcite as an impurity. The SHCa-1 sample used in the present study contained both calcite and a small amount of dolomite. The clay was purified by repeated dispersal in distilled water, followed by centrifugation. The < 2-ttm fraction was used for the contact angle measurements. This fraction contained neither calcite nor dolomite as indicated by X-ray powder diffraction, and no reaction to HCI treatment was noted. In the infrared spectrum, a small amount of carbonate was visible; this impurity had no effect on the contact angle experiments. The average particle size present in aqueous suspensions was 2.8 #m as determined by analysis with a Malvern Particle Sizer model 3000 E.
The a-bromonaphthaline, diiodomethane, formamide, and glycerol were all analytical grade, and the water was triply distilled.
Fabrication of films
Self-supporting hectorite films were made by the evaporation of dilute (1 to 4%) hectorite-water suspensions. Only the fine fraction, collected by 6 min of centrifugation at 600 rpm, of a 4 wt. % hectorite suspension was used. The suspensions were deposited and dried on a variety of materials, including mica sheets, polystyrene, and sheets of various commercial polymer films. Giiven (1988) described the morphology ofhectorite as that of extremely thin ribbons or laths, having lengths ranging from 0.1 and 2 ~tm, widths ranging from 0.05 and 0.2 gm, and being just a few layers thick (one layer is about 10 ,~ thick).
Contact angle measurements
The surface tension of the liquids used in the contact angle measurements is easily determined or can, for many, be found in published tables (see Jasper, 1972 , for example). After a film had been removed from its substrate, it was placed upside down (i.e., with the smooth side up) on a glass microscope slide, which was positioned in front of a telescope equipped with a goniometer (Gaertner, Chicago). Using Teflon syringes (Gilmont), a drop of liquid was placed on the surface of the clay film and the advancing contact angle was measured on both sides of the drop. For a complete discussion on methods of measuring contact angles, see Neumann and Good (1979) .
The contact angles measured on smooth hectorite films using drops of a-bromonaphthaline and diiodomethane were used to determine the value of 7s Lw of the hectorite film using Eq. (12). The contact angles measured with the polar liquids (water, formamide, and glycerol) were used to determine the contributions of the two parameters 7 + and 7-of the polar surface tension 7~ B of hectorite, using Eq. (20).
The contact angles were measured at 20~ Given the conditions of relative humidity under which the contact angles were measured, the surface of the hectorite film was undoubtedly covered by a monolayer of water. The adsorbed water could not be completely removed from the hectorite films; this was not a problem, because the aim of this study was to examine a clay mineral under conditions reasonably similar to those in a geological environment.
Electrophoresis
The initial electrophoretic measurements were made with a microelectrophoresis device described by van Oss et al. (1974) , in which a microscope was used to observe the mobility of particles moving through a capillary tube coated with agarose under the influence of an applied potential. Because individual clay crystals cannot be seen using a binocular microscope, aggregates were observed. A very small amount of untreated hectorite was dispersed in a 0.01 M NaCI solution in the capillary tube. The clay-salt solution mixture was shaken, the capillary placed into position, and the particle velocities were immediately noted. Even though the hectorite used was not purified, the effect of Ca ions in the suspension solution was negligible because the calcium occurs in the form of calcite, and the mobility measurement was made too quickly to allow significant numbers of Ca ions to go into solution.
The second set of measurements were made with a 0.04% suspension of the fine fraction of hectorite dispersed in a 0.01 M NaCI solution, using a Malvern Zetasizer 2C instrument. Field reversals were used in both sets of measurements. Determinations of ~" from this set ofelectrophoretic measurements (Overbeek and Wiersema, 1967; van Oss, 1975) were used to calculate the potential at the surface of the particle.
RESULTS AND DISCUSSION
The initial electrophoresis measurements gave a ~" value of -44 mV; the second set yielded an average value of -38 mV (the two values are within experimental error). All calculations reported here were based on the second set of measurements. The surface tension parameters for the apolar and polar liquids used are given in Table 1 . The contact angles of the various polar and apolar liquids on hectorite films are listed in Table 2 ; the values for 7~ w and the -r + and 7s parameters of7~ B are given in Table 3 . The much larger value measured for the contribution of the polar electrondonor parameter, 7~, relative to the polar electronacceptor parameter, 7~, to the surface energy of the hectorite clay reflects the oxygen-rich outer surfaces (001) of hectorite. Surface tension components and parameters are reported in mJ/m 2. Apolar liquids: "YL = A(LW : .~. -F 'z~ ~ 0.
2 Polar liquids: 3'L = 3' LL w + "rE AB-33'~ and y~" are the non-additive parameters of the ~'L An contribution to the total free energy.
4 These are taken to be equal by convention (van Oss et al., 1987a (van Oss et al., , 1988a . Table 2 . Advancing contact angles of the various polar and apolar liquids on hectorite films. Surface to Surface Distance (A) Figure 1 . Free energy curves obtained using classical DLVO theory for 1 um hectorite particles in various concentrations of NaC1 solution, showing that no flocculation should occur because of energy maximum at small inter-particle distances.
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The calculated contact angles were determined using Young's equation and the parameters listed in Table 3.   0   Table 3 . Values for components of the surface energy of ~" hectorite as deterined from contact angle measurements (re-~ -1000 ported in m j/m2). + % and ~(s are the non-additive parameters of the T AB contribution to the total free energy as described in the text.
Role of electrolyte concentration
In classical DLVO theory EL and LW forces are the only contributors to the free energy of particle interaction. The total DLVO energy was calculated for hectorite-NaC1 suspensions as a function of the distance between the surfaces of two spherical particles, using various concentrations of NaCI (Figure 1 ). The Born repulsion energy was not calculated; the minimum contact distance between the surfaces of two particles was taken to be 1.5/~ (van Oss et al., 1988a) . DLVO theory predicts that hectorite-NaC1 solution suspensions should be stable, i.e., no flocculation should occur, for all the salt concentrations included in the calculations, because a substantial repulsive barrier exists which prevents the particles from approaching each other. The extended DLVO theory, which includes the polar AB forces, predicts that flocculation should occur in all hectorite-NaC1 solution suspensions if the NaC1 concentration is equal to or greater than 0.1 M (Figure 2) .
To test the predictions of the classical DLVO and the extended DLVO theories, two sets of four hectoritewater suspensions (1% and 4% suspensions) were pre- pared. Each set included 2.0, 1.0, 0.1, and 0.01 M NaC1 concentrations. Although the potential at the surface of a particle is independent of the ionic strength of the aqueous solution, it is dependent on the pH of the solution; the pH may be changed by varying the ionic strength. The pH of the hectorite suspensions encountered in the flocculation experiment ranged between 6.9 and 8.4. A separate set o f f potential measurements was made covering this range ofpH, and the resulting values indicated that the observed change in ~" was within experimental error. Gelling was not a problem in monitoring flocculation behavior, because it did not occur for hectorite suspensions of -< 3% solids. A thixotropic gel can form in a 4% hectorite suspension in either pure or dilute salt solutions, as was observed in the 4% hectorite-0.01 M NaC1 solution mixture.
For both sets, the suspensions in 1.0 and 2.0 M NaC1 flocculated and settled out, the suspensions in 0.1 M NaC1 partially flocculated, although much more so for the 1% suspension (Figure 3 ) than for the 4% suspension (not shown in Figure) , and the suspensions in 0.01 M NaC1 remained stable. The flocculation occurred within 24 hr (overnight), and the stable suspensions remained so for several months. These results are in close agreement with the extended DLVO calculations and indicate that the classical DLVO theory is inapplicable for hectorite (and perhaps for all smectites) dispersed in aqueous electrolyte solutions.
The lack of agreement between theory and experiment using only the classical DLVO theory, compared with the good agreement between theory and experiment using DLVO plus non-DLVO forces, is not surprising. Theoretical prediction and experimental observations ofnon-DLVO forces are as old or older than the theory itself (Christenson, 1988 ).
Role of effective particle radius
As the radius of a macro-ion or particle decreases, its repulsive interaction energy AG EL decreases for a given electrostatic potential (see Eq. (4)). This effect was investigated to see if it influenced the flocculation behavior ofhectorite particles. Calculations ofAG sug- gest that reducing R, for a fixed salt concentration, can lower the energy barrier to ~ 1.5 kT (the energy of Brownian motion), which is sufficiently small to allow flocculation. Figure 4 shows that for a given concentration of NaC1 solution, a critical hectorite particle size exists above which the suspension should remain stable due to the dominance of repulsive EL interaction forces, and below which the repulsive interaction forces are ~ 1.5 kT. As an example, hectorite dispersed in an aqueous solution having a concentration of 0.01 M NaC1 will be stable for particles having an effective radius >-20 ~. The illustration shows that flocculation should occur if the effective radius of a significant proportion of the hectorite particles is smaller than this value. The extended DLVO theory predicts (Figure 2 ) that hectorite dispersed in a 0.01 M NaC1 solution should not flocculate. The experiment described earlier is in agreement (Figure 3 ), as expected, inasmuch as few hectorite particles probably had an effective radius of -<20 ~,. Eqs. (4), (5), and (21) show that R is directly related to AG, which indicates that as R decreases the energy barrier decreases along with the depth of the energy well. This means that even though particles having a sufficiently small R, at a given salt concentration, can approach each other to the contact point, their mutual attraction is weak and this may inhibit flocculation. Overbeek (1988) stated, however, that if two particles of the same sign but of different potential approach each other nearly to the contact distance, the particle having the greater potential can induce a sign change in the particle having the smaller potential, causing attraction. In 1954, Derj aguin showed (see his Eq. (18)) that this behavior should occur for particles having the same sign of charge dispersed in a relatively dilute electrolyte with potentials differing by as much as about 60%. Thus, reducing R to the critical value allows clay particles to approach each other, and, if the potentials of the particles are sufficiently different, the change of sign will increase the electrostatic attraction between them, thereby promoting attraction and flocculation. A somewhat analogous behavior was observed for the adhesion oferythrocyte cells in dilute dextran solutions (van Oss and Coakley, 1988) .
Role of induced charges
Under appropriate pH conditions, edge-to-face attraction between clay particles may possibly result from the basal surfaces of clay crystals having a negatively charged double layer, whereas a positively charged double layer exists at the edges of the crystals. The lack of structural continuity at the crystal edges leaves some cations incompletely compensated, resulting in a charge imbalance. This supposition appears to be supported by electron micrographs that show the preferential edge adsorption of negatively charged gold particles on the edges of kaolinite crystals (Thiessen, 1942 (Thiessen, , 1947 and by the fact that clays exhibit a certain degree of anion exchange capacity (van Olphen, 1977) .
The phenomenon of induced change of sign of charge and the role that the radius of curvature (R) plays in reducing repulsive energy barriers suggest that positive charges on edge sites of clay particles need not always be invoked to explain the attraction of negatively charged species; if the size of the anionic particles is small enough, as for the gold particles mentioned above, they may easily be attracted to crystal edges of small effective radius.
CONCLUSIONS
Although the rheological properties of clay minerals depend in large part on the values of the components of their surface energies, which in turn determine how a clay mineral will behave in any given process, very little is known about the absolute values of these surface energy components. For example, classical DLVO theory does not accurately predict flocculation behavior ofhectorite suspensions in saline solutions. Adding the AB forces to the DLVO forces, however, allows a much more accurate prediction of the ionic strength at which flocculation occurs.
Knowing the values of all the surface tension parameters of clay minerals, leading to the quantitative expression of their AB interactions, has tremendous potential. Some of the areas in which these measurements could find application include separation science (see also van Oss et al., 1987b) and its converse, the ability to mix select quantities of different clays to obtain desired properties; clay catalysis especially in the pillared clays; and in the design of clay minerals having required surface characteristics.
In the present paper only the results of the DLVO and non-DLVO free energy curves as applied to the clay mineral hectorite have been discussed. For this mineral a self-supporting film can be used to make the required contact angle measurements. For other clays, however, such as talc and kaolinite, other methods of contact angle measurement must be used.
